Abstract Wellhead temperature and pressure are critical parameters of a geothermal well. Their prediction requires knowledge of the geofluid properties and detailed thermal modelling of the well and formation. High salinity and gas content complicate the task. This article presents a comprehensive thermal-hydraulic wellbore model, which is parameterized and validated with data from the Gross Schoenebeck site, and used for a long-term prognosis. Geofluid properties are calculated based on the specific gas and salt contents by determining the vapour-liquid equilibrium.
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Introduction
Predicting flow parameters for a production well is of central interest for the use of geothermal energy: The wellhead temperature T wh is a critical parameter for the design of the downstream facilities as well as for economic considerations, so is the pressure profile, as it determines power consumption of the pump and the achievable mass flow. Another interesting flow parameter is the volume fraction of the gas phase. A high gas fraction can decrease the pump performance and may require additional or adapted installation, such as a degassing unit, a multiphase pump or pressure maintenance to avoid degassing and thus reduce the injection pumping work load. Flow in a well is basically a vertical pipe flow, but the applicability of the common hydraulic equations with the assumption of constant density is limited. With the hydrostatic head being the dominant phenomenon, precise density calculation is crucial because estimation errors cumulate over the whole length of the well (Francke and Thorade 2010) . That, in turn, requires knowledge of the fluid temperature, which is of interest by itself, as stated above. Fluid temperature depends on the heat flow to the formation, which, therefore, cannot be neglected when modelling geothermal wells (Hasan and Kabir 2010) .
Pioneering work has been done by Ramey (1962) with the development of an analytical solution for wellbore heat transmission. Willhite (1967) contributed with his work about heat transfer coefficients. Analytical solutions obviously have their limitations, as they require vertically uniform well layouts with constant parameters such as mass flow or thermal properties of formation and geofluid. Furthermore, they are only valid after an initial phase when flow and heat transfer are quasi-static.
The increase of available computing power gave rise to the application of more detailed numerical models (Hasan and Kabir 2010) . They usually focus on one application domain like gas/oil production (Pourafshary et al. 2009; Livescu et al. 2010) , geothermal wells (Guðmundsdóttir et al. 2012) or CO 2 injection (Wiese et al. 2010 ) and their particular phenomena (heat transfer, two-phase flow regimes, phase transition etc.). A common and obvious approximation for geothermal wells is the use of pure water property functions which is inappropriate for high-salinity brines. Other property models are limited to single chlorides or seawater (i.e. fixed salt composition, mainly sodium chloride), such as Silvester and Pitzer (1977) , Millero (2009) , Pierrot and Millero (2000) , Driesner (2007) . Two-phase models are limited to constant gas fractions or single substance flash calculations.
This paper presents a two-phase thermo-hydraulic wellbore model, which is being developed as a PhD project. It includes a multi-salt multi-gas geofluid property model and a detailed heat loss calculation. The wellbore model is applied to the geothermal research site in Gross Schoenebeck (GrSk) (Huenges et al. 2006) , validated with field test data and used for long-term prognosis.
Production of geothermal fluid
Geothermal energy can be exploited by pumping hot geofluid from a deep reservoir to the surface by an pump installed in the wellbore (Frick et al. 2011) . The well completion consists of steel pipes cemented to the formation in telescope-like layout (Fig. 1) . The pump is connected to the production string, a pipe with a smaller diameter centred within the casing and hanging from the top. The surrounding open annulus is connected to the well part below the pump and, therefore, acts as a fluid buffer during production start-up.
The natural formation temperature decreases from reservoir to surface, creating a temperature difference to the hot fluid. This temperature gradient causes significant heat loss of the fluid on its way from the reservoir to the wellhead. The heat flow warms up the formation surrounding the well gradually over the years of production. This will reduce the temperature gradient, therefore, decrease the heat loss and eventually increase T wh .
The geofluid extracted from the deep aquifer in GrSk contains a high amount of dissolved salts (mostly NaCl, CaCl 2 , KCl) and gases (mostly N 2 , CH 4 , CO 2 ). Due to pressure difference between aquifer and the above ground facility (hydrostatic ? friction), degassing occurs during production. The gas fraction influences density and viscosity of the resulting two-phase fluid, which has to be accounted for during pump design. Degassing of CO 2 increases the pH, which can lead to corrosion and precipitation of solids. CO 2 degassing can be limited by maintaining the pressure in the brine circuit above a certain level. In GrSk, the gas fraction is removed from the produced fluid before heat extraction in a degasser, which avoids problems in the downstream components like gas accumulation and increased injection pumping work load (Quong et al. 1980) .
Model description
The purpose of the wellbore model is to simulate the midterm and long-term hydraulic and thermal behaviour of the geothermal well. It contains sub-models of geofluid, reservoir, formation, pump and of the wellbore itself (Fig. 1) . Model boundaries are the well bottom with inflow from the reservoir, the wellhead and the cylindrical outer boundary of the formation around the wellbore. The model allows for quasi-static simulation of well behaviour under varying thermal conditions.
The model has been implemented in Modelica/DY-MOLA using MSL 3.2 (Elmqvist et al. 2003) and DY-MOLA 2013 (Dassault Systèmes AB 2013 .
Geofluid model
Density, enthalpy and viscosity of the fluid properties are calculated using a two-phase multi-gas multi-salt model, which reproduces phase transition based on the functions of solubility, density and specific heat capacity for aqueous chloride solutions.
For a given p-T-state the fluid model first determines the gas mass fraction x and then the other variables by calculating them separately for both phases and combining them according to x.
The following modelling assumptions have been made about the geofluid:
The fluid consists of water, N s salts and N g non-condensable gases; its composition is given by the vector of mass fractions X. There are one or two phases: liquid and, if absolute pressure is low enough, gas. The gas mass fraction is defined as the quotient of mass in gas phase and total mass in a given volume:
x ¼ mass ofðgases þ water vapourÞ total mass ð1Þ
Salts are completely dissolved in and limited to the liquid phase. Water and gases are exchanged between the liquid and the gas phase by degassing/dissolution or evaporation/condensation. Both phases are in thermodynamic equilibrium, which is simplified to equality of pressure and temperature in both phases, as well as equality of saturation (degassing) pressures in the liquid phase and the respective partial pressures in the gas phase:
Gases dissolve in liquid depending on their respective solubility, which depends on temperature and salt content, but not on the content of other gases. The saturation pressure of water is reduced by the salt content according to Raoult's law (Smith et al. 2001) proportionally to its mole fraction:
y is the mole fraction in the liquid (') or ( 00 ) gas phase. Gas mass conservation is fulfilled by linking the molar numbers in both phases via the constant total number of moles per fluid mass:
Dalton's law states that the partial pressures p a are proportional to mole fractions and that they sum up to the absolute pressure: 
Vapour-liquid equilibrium (VLE)
According to Duhem's theorem, the system is determined by two independent variables, here p and T. Gibbs' phase rule states that it has N g ? 1 degrees of freedom. The employed Modelica compiler/solver DYMOLA is capable of solving this equation system as long as it is isolated, but multiple use in the wellbore model required coding the VLE algorithm as a function to enforce the isolation of the problem. The equations are written in matrix form and then solved using the multidimensional Newton's method:
The task is to find the set of normalized gas mole numbers n a 00 = n a 00 /n a that fulfils Eq. 2 for all a = {1…N gas ? 1}:
Using Newton's method, ñ can be found by choosing a start vector, iteratively solving the linear system of equations.
for Dñ 00 i as the correction vector and determining a new concentration:
The start vector is set to ñ [0] = {0.5, …, 0.5}, i.e. gases and water are equally distributed between both phases.
Mass compositions of the phases are eventually calculated from the gas mass fraction x with the molar weights M a as:
Density
The specific volume of the two-phase fluid is calculated from the specific volumes of both phases weighted with their mass fraction:
Density of the liquid phase is calculated by combining the densities of solutions of single salts, while gas phase density is calculated using the ideal gas law.
Density of the gas phase For the density calculation, the gas phase is assumed to be an ideal mixture of ideal gases. The ideal gas law is used with the specific gas constant of the gas phase R 00 s , which is the average of the specific gas constants of gas and water, mass weighted according to the actual composition:
The ideal gas law is valid for low densities, where molecule interactions are negligible, whereas pressure and, therefore, density are rather high at greater depth of the well. The influence of the gas phase, if present, on the fluid density is, however, negligible, because due to said pressure the gas phase occupies little or no volume.
Density of the liquid phase A density function for different binary aqueous chloride solutions is provided by Mao and Duan (2008) . Their final equation that converts the apparent molar volume V a U to solution density q is extended to a mixing rule (Laliberté and Cooper 2004) . The respective apparent molar volumes V a U are combined to yield the density of the multi-salt solution:
Only NaCl, 1 KCl 2 and CaCl 2 3 are considered here, being the main constituents in the GrSk fluid. The density of pure water used in this approach is provided by the IAPWS/IF97 standard (Wagner et al. 2000) included in the Modelica Standard Library 3.2 (MSL-http://www.modelica.org).
The liquid density model has been successfully validated (difference \ 1 %) against measurements of the ternary solutions NaCl ? CaCl 2 and KCl ? CaCl 2 (Zhang et al. 1997) , as well as against online measurements of the GrSk fluid from the field test referred to in Sect. 5 (Feldbusch et al. 2013 ).
Viscosity
The viscosity of the liquid phase is assembled from the viscosities of the binary solutions of NaCl, KCl (Mao and Duan 2009 ) and CaCl 2 (Zhang et al. 1997 ) calculated for the total molality using a geometric mixing rule weighted by mole fraction among the salts:
The viscosity of pure water required for this approach is provided by the MSL.
Viscosity of the gas phase is provided by the moist air media model of the MSL (Casas et al. 2005) .
Solubility functions
The VLE algorithm makes use of the functions for solubility of N 2 , 4 CO 2 5 and CH 4 6 in water. They were developed for NaCl solutions and then extended to solutions of Na ? , K ? , Mg 2? , Ca 2? , Cl -and SO 4 2-with a simple approach based on the ion valence.
Enthalpy
The total specific enthalpy of the fluid is calculated by combining the specific enthalpies of both phases according to their mass fractions:
Enthalpies of boundary surface, gas solution and dilution are not considered.
Enthalpy of the gas phase Enthalpy of the gas phase is modelled as the enthalpy of an ideal mixture of ideal gases, i.e. it is calculated as the mass-weighted average of the individual gas enthalpies including water.
The individual gas enthalpies are calculated using ideal gas functions in the MSL.
Heat capacity and enthalpy of the liquid phase The influence of adding salt on a fluid can be indicated with the apparent molar property (volume, heat capacity, enthalpy), which denotes the change of that property per added mole of salt. The apparent molar heat capacity C p,U is hence defined as (Spitzer et al. 1978) :
Inverting that relation, the specific enthalpy of a b-molar solution consequently is:
That equation can be easily adapted to handle several salts. Neglecting solvent interactions, the specific heat capacity of a multi-salt solution can be estimated with:
In analogy to Eq. 20 the specific enthalpy of a multi-salt solution is written as
The apparent molar enthalpies H a U are calculated from apparent molar heat capacities by integration:
The integration constants H a U ðT 0 Þ contain the heats of solution and dilution. They are taken from the literature Sanahuja and Gómez-Estévez (1986), Sinkeet al. (1985) .
This approach also allows the use of the specific enthalpy of an aqueous NaCl solution (Driesner 2007) instead of water as the basic enthalpy:
Alternatively expressed with mass fractions:
The apparent molar heat capacities of aqueous CaCl 2 and KCl solutions are calculated from a function fitted to the values given in White et al. (1987a, b) :
4 validity solubility N 2 : T = 273…400 K, p = 1…600 bar and b = 0…6 mol/kg. 5 validity solubility CO 2 : T = 273…533 K, p = 0…2000 bar and b = 0…4.5 mol/kg. 6 validity solubility CH 4 : T = 273…523 K, p = 1…2000 bar and b = 0…6 mol/kg.
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The fitting parameters for Eqs. 25 and 26 are given in Table 1 . Integration of the fitting function provides the apparent molar heat capacities required for Eq. 23:
Reservoir model
The reservoir is represented in the model by a mass flow source and a flow resistor. The source has predefined mass flow with constant composition, predefined temperature and predefined pressure. The resistor creates a pressure drop proportional to the extracted volumetric flow rate. The proportionality factor is called productivity index. It is defined as the volume flow rate divided by the difference between the static and the steady-state flowing bottom-hole pressure (Haider 1937) . The bottom-hole pressure p bot is hence calculated from the static reservoir pressure p res with Eq. 27.
Wellbore model
The wellbore model consists of several sections, each one having constant geometrical parameters such as length, diameter, inclination and number of elements. The flow is modelled as being one-dimensional, quasistationary and homogeneous, but having two phases. That means, uniform velocity, pressure and enthalpy are assumed for both phases on a cross section. As it is discretized using a finite difference forward-space scheme, every section is sub-divided in equidistant elements. On each element, balances of mass, energy and momentum are calculated. The assumption of homogenous flow neglects the hydraulic and thermal effects of slip. Slip increases the static pressure head by reducing the cross section occupied by the gas flow and thus increasing the weight of the fluid column. Besides, heat from the inner friction of the fluid (between the phases) increases the fluid enthalpy. Slip increases with gas volume fraction. So does the error induced by neglecting slip.
Slip calculation is complex as it depends on the flow pattern. However, its influence on the pressure head is included in the two-phase friction model by Friedel (1978) . The heat generated by inner friction is negligible.
For the heat flow calculation, the well sections are assigned constant thermal parameters, namely diameters and thermal conductivities of several layers of steel, cement and gas or liquid in the annulus. Heat flow within the well completion is also modelled as quasistationary, while heat flow in the formation is modelled as transient.
Mass balance
The mass balance for stationary flow delivers the continuity equation. Mass flow at inlet 1 equals negative mass flow at outlet 2:
Momentum balance
The momentum balance reduces to a pressure balance, showing that the pressure gradient is composed of three parts: hydrostatic, friction and kinetic gradient:
s is the measured length, running along the well and increasing in flow direction. The hydrostatic part depends on the well inclination u and the gravitational acceleration g. Friction depends on flow velocity w, the pipe diameter d and the dimensionless friction factor f.
Setting element density q m = q 1 and neglecting the here insignificant kinetic gradient to avoid an implicit equation gives:
f is calculated with the empirical equation for two-phase pipe flow by Friedel (1978) . It requires the viscosity of both phases, which are provided by the geofluid model (2.1.3). Energy balance and heat flow
Assuming that the temperature changes due to heat flow happen much faster in the well-bore completion than in the formation (Ramey 1962) and considering the time-scale of interest ([1 h), the heat flow in the well-bore is described by steady-state equations with transient boundary conditions, whereas in the formation transient heat conduction equations are applied. The energy balance for one well element shows that the change of specific fluid enthalpy is in balance with the radial heat conduction and the change of kinetic energy and of geodetic height:
Analogous to the momentum balance, the kinetic part is neglected.
Heat flow to/from the formation depends on the heat transfer coefficient of the conducting elements and the respective temperature difference. Here it is calculated between fluid temperature T and interface well-formation T if over several layers of the well completion.
Static cylindrical heat transfer Steady-state heat conduction in a long cylinder with a thin wall and constant thermal conductivity k can be calculated as (Ç engel, 2002) :
with Ds being length of cylinder and r/R being the inner/ outer radius of cylinder. Dividing by a lateral surface at a reference radius and introducing a heat transfer coefficient w gives an expression for the heat flux on the reference surface: Multi-layered cylinders Multi-layered cylinders can be seen as thermal resistances in series. With the thermal resistance being the inverse of the heat transfer coefficient, their total heat transfer coefficient is calculated like electrical resistors in series by adding the resistances:
Including the coefficient for the heat transfer from the fluid to the pipe wall w fw (referring to the hydraulic diameter 2 9 r 1 ), the static heat flux through the interface _ q if is hence calculated as:
k j are the thermal conductivities of the layers. r j are the radii of the layer interfaces. _ q if and T if are exchanged with the formation model. w fw is calculated for a turbulent flow (Gnielinski 1995) .
Open annulus Heat transfer through the open annulus around the production string is strongly influenced by the liquid level, because heat conduction is much higher in liquid brine than in gas. The fluid level is found where annulus fluid pressure p ann falls to top annulus pressure p ann top . p ann is calculated from the pump inlet pressure p pi by integrating static pressure head at in situ temperature upwards from the pump:
Furthermore, the heat transfer can be substantially increased by free convection driven by the temperature difference. An equation by Willhite (1967) , adapted to temperatures in Kelvin, is used to estimate its influence for both liquid and gas in the annulus:
k is the thermal conductivity of the annular fluid, while k c is the effective one, increased by convection.
k and c p of the annulus gas are provided by the simple air media model of the MSL 3.2. k of the annulus liquid (completely degassed brine) is taken from the water model of the MSL 3.2 as salinity dependence is weak for k compared to c p (Yusufova et al. 1975) .
Gr and Pr are the Grashof and the Prandtl number, defined as:
where R i/o and T i/o are the inner/outer radius and temperature of the annulus and q, g, c p , b are the density, dynamic viscosity, specific heat capacity, thermal expansion coefficient of the fluid. The isobaric thermal expansion coefficient for ideal gases is b = 1/T; for liquid it is calculated from density.
Formation model
The formation is represented by a vertical array of transient 1D-models of conductive radial heat flow with no heat flow and given temperature on the outer boundary. It is coupled to the well-bore model via temperature and heat flow on the interfacing boundary. Vertical heat flow is not considered. Thermal properties are horizontally constant and vertically piecewise constant, considering the detailed lithology. Vertical discretization is the same as in the wellbore model.
The radial extension of the formation model has to be large enough, so that there is no heat flow at the outer boundary within the simulation time.
The equation for one-dimensional transient radial heat conduction without heat generation (Ç engel 2002).
is radially discretized using the Finite Volume Method, which, compared to Finite Differences, creates much smaller discretization error and allows for simpler handling of a non-constant conductivity and a nonequidistant grid:
The outer boundary condition is constant temperature, i.e. the far-field formation temperature. The inner boundary condition is the heat flow obtained from the wellbore model. It is implemented as
Temporal discretization is handled by the Modelica compiler/solver.
Pump model
The pump is modelled as non-isentropic with a given isentropic efficiency g is :
The efficiency g mot accounts for the losses of the electric motor. The losses of both pump and motor heat up the fluid. Assuming constant density, the enthalpy difference generated by the pump is, therefore:
The pump model includes a simple controller that adjusts the pump head so that an input pressure value (here wellhead pressure) converges to a pre-set target value.
Comparison to analytical solution
An analytical solution for the transient wellbore heat transmission was proposed by Ramey (1962) . It is based on the assumption of a line source and is, therefore, not valid close to the well and for short times. It was applied to a simple test case and compared to the results from the wellbore model described before. In the test case, 10 kg/s of pure water of 100°C is produced from a depth of 1,000 m through the formation (L07 from Table 4) with a temperature gradient of 3 K/100 m and a surface temperature of 8°C. Pipe friction and gravitation have been deactivated to eliminate pressure influence on the specific heat capacity, which is constant in the analytical solution. Figure 2a , b shows very good accordance for time after 1 day, and the final difference amounts to 0.2 K.
Model parameters

Well parameters
The layout of the well GrSk 4/05 is depicted in Fig. 3a . The well consists of four sections with different diameters. The indicated diameters are outer diameters of casing, liner tubing or borehole/cement. The annulus between casing and formation (borehole diameter) is filled with cement. The diameters decrease with depth, because one section has been drilled through the cemented casing of the previous section. The depths are displayed in true vertical depth and measured depth (along the borehole). The production string connects the pump at 1,176 m (MD) with the wellhead. The thermal conductivities of the well casing, liner and tubing are assumed to be 50 W/(m K), which is an average for carbon steel (Dubbel 2001 ). It can vary over a broad range, but as it is much higher than the one of cement and formation, its influence on the heat flow is marginal (see Eq. 35). The thermal conductivities of the cement layers have been estimated based on the densities indicated in Fig. 3a via the q-krelation by Nelson (1986) . The values are given in Table 2 .
The borehole diameters d 0 if are actually larger than the indicated drill diameters d if due to washout.
7 That increases the volume of the annulus between casing and formation by w = 8…15 % in the GrSk scenario. This is taken into account in the parameterization by increasing the borehole diameter according to Eq. 46 with w = 11.5 %. Figure 3b shows the depths of the geological layers L01-L11. Their properties are listed in Table 4 .
Reservoir parameters
The temperature in the reservoir is assumed to be 145°C (Henninges et al. 2012 ) and the initial reservoir pressure is assumed to be 44 MPa (Blöcher et al. 2008) .
The productivity index PI is estimated to be 1.8 m 3 /(h MPa).
Medium properties
The main salts and gases in the GrSk geofluid are considered, representing 99 % wt. of the total dissolved solids and 99 % wt. of the gases. The geofluid salinity is up to 265 g/L, it is nearly saturated with respect to CaCl 2 and NaCl, which together make up 98 % of salt mass (Regenspurg et al. 2010 ). Gas solubility is decreased by salinity to 40 % of that of pure Water (Wiersberg et al. 2004) . The volume ratio gas-liquid at 1 atm and 0°C is approximately 1:1. The gas part is composed mainly of nitrogen (ca. 80 vol. %) and a small part of methane (ca. 15 vol. %) and carbon dioxide (ca. 4.7 vol. %).
The detailed medium composition, derived from measurements (Wiersberget al. 2004 ) is given in Table 3 .
Formation parameters
The constant boundary temperature is applied at a radius of r ? = 8 m, which is beyond the range of thermal influence of the well within 1 week, as the simulation shows. The formation temperature (initial and far-field) is based on a measured temperature log (shown as T ? in Fig. 6 ). Seasonal influence is not considered, because it reaches only a few metres into the ground (Scheffer et al. 2009 ).
Stratigraphy-thermal parameters of formation
Thermal parameters, depths and thicknesses of the formation layers used in the well-bore model are listed in Table 4 .
The thermal conductivity changes with pressure and temperature. Pressure influence is neglected, because it is relatively small compared to temperature dependence (Schön 2004 ). Temperature influence is taken into account according to Somerton (1992) : : ð47Þ
Pump parameters
The efficiency of the electric motor g mot is set to 0.9, a typical value for electric motors. The isentropic efficiency g is is set to 0.7, the minimum value in the operating range according to the data sheet for the installed production pump Centrilift 44-675 HC12500.
Model validation with field data
The wellbore model has been validated with a pump test that has been conducted at the GrSk site. In the spring of 2012, production was maintained continuously for 163 h. In the months before, there have been only short periods (\12 h) of operation, which is why the formation temperature is assumed to be in the undisturbed stated represented by the temperature profile for T ? .
Measured quantities
Among the quantities that were measured and recorded the following ones were selected for model input and comparison with values calculated by the model:
• The volume flow rate V : has been measured after the degasser (Fig. 4) . It was converted to mass flow using the in situ density in the reservoir and used as source mass flow in the model.
• Wellhead pressure has been measured and was averaged (=9.2 bar) and used as target value for the pump control.
• Temperatures, measured at production pump inlet (T pi ) and at the well head (T wh ), were compared to calculated data.
• Pressure at production pump inlet has been measured and was used to calculate the PI (see Eq. 48).
The PI is not assumed to be constant, but time dependent to mirror the transient behaviour of the reservoir interacting with the well. It is calculated from the measured values using this equation:
where " q is the average density below the pump and was assumed to be 1,136 kg/m 3 .
Validation with measured temperatures from pump test
The comparison of measured and calculated T wh and T pi is shown in Fig. 5 . Only data with t [10 h has been used and plotted to exclude dynamic effects such as hydraulic startup as well as thermal storage in the well completion and in the fluid. The fluid column, initially being approximately in thermal equilibrium with the formation, has to be exchanged once before the assumption of quasi-static flow is justified. According to the recorded data the wellbore volume of about 233 m 3 (including the open annulus, see Fig. 3 ) has been produced after 10.3 h.
After the initial phase of around 24 h, the average/final temperature difference amounts to 2.9/2.8 K (T pi ) and 1.2/ 1.6 K (T wh ) with calculated temperatures being lower than the measured ones. The temperature drop in the well below the pump is overestimated while above the pump it is underestimated. The overestimation can be qualitatively explained with the fact that the formation has not been undisturbed before the pump test, as assumed for the Table 4 Stratigraphy of GrSk site-thermal parameters, layer definition (Ollinger et al. 2010 ) and thermal conductivity k under normal temperature, pressure and saturated conditions (Norden, Förster and Balling 2008) . Thermal capacity c p by Norden et al. (2012) and density (Norden, Förster and Balling 2008) Bottom of layer far-field formation temperature. Furthermore, the real heat flow can be expected to be reduced by potentially imperfect contact of interfaces steel-cement and cement-formation. The underestimation of the heat loss in the upper well is probably related to uncertainties in the estimation of the free convection in the open annulus and the chemical state of the annulus fluid. They are added to the general uncertainties from the geofluid property calculation, the thermal parameters of cement and formation, and in the measurements themselves. Unconsidered phenomena, such as inhomogeneities in the formation or cement, scaling or corrosion on the pipes, recirculation or slip in the twophase flow may also have their effect on the measured temperatures.
The peak in production rate at t = 50 h causes a temperature step, which is much more pronounced in the simulated data than in the measurements. Dampening by heat storage in well completion and the gradual exchange of the fluid column, which are not reproduced by the quasistatic wellbore model, may be responsible for smoothing out the measured temperature curves.
The measured temperatures in Fig. 5 decrease for 50 h \ t \ 165 h due to the decreasing production rate. When mass flow has fallen low enough, less heat flows from fluid to the pipe wall than from there to the formation. The temperature decline is reproduced by the model.
The transient temperature development during the 7 days pump test could be reproduced by the model described here with a reasonable error. This was obtained with a rather high level of detail of the wellbore model, because preliminary calculations with simpler models revealed the need for refinement. The influence of free convection both above and below the annulus water level on the heat loss is considerable, as it increased the heat flux by one order of magnitude. Ignoring it leads to an overestimation of the well head temperature of several degrees in the initial phase. The rather simple radially symmetric conductive thermal model of the formation seems to be sufficient. 
Model application
The wellbore model is used to provide profiles of temperature and gas fraction as well as a long-term prognosis of the wellhead temperature.
Temperature profile Figure 6 displays the calculated temperatures of the fluid, the annulus, the well-formation interface and the formation boundary as well as the heat flux per length unit along the well. It shows the location and the amount of the fluid's heat loss to the formation. It also exhibits the cooling effect of the open annulus where it is filled with liquid and the insulation effect above the liquid level.
Heat flow increases generally with the growing temperature difference between fluid (T fluid ) and formation (T ? ), but varies with borehole layout and lithology. The liquid level in the annulus is clearly marked by the distinct drop of heat flow at -957 m. Comparison with the well layout (Fig. 3a) reveals that between -3,158 and -2,738 m heat flow is slightly reduced by the double piping with its double cementation, while between -2,302 and -1,990 m heat flow is increased by single piping in a halite layer with high thermal conductivity. While the interface temperature T if is roughly in the middle between (T fluid ) and formation (T ? ) below the liquid level in the open annulus, it is close to T ? in the part above.
Degassing
Identifying the location of degassing is interesting with regard to the pump performance, which can be decreased by a high gas fraction. A gas fraction profile, as shown in Fig. 7 , may help in choosing the installation depth of a pump.
According to the calculation for the GrSk site, fluid pressure falls below the degassing pressure of 262 bar (at 131°C) initially at 3,068 m (TVD). The degassing point, i.e. the first occurrence of a gas bubble, sinks due to the rising temperature, eventually reaching 3,322 m.
The total gas volume fraction reaches a maximum of 11 % at the wellhead where the minimum pressure is reached. Nitrogen degasses first and dominates the gas phase. The pressure increase at the pump causes re-dissolution of gases and re-condensation of water. Noteworthy is that CO 2 below the pump has a lower partial pressure (or void fraction) than water, but a higher one above. The pressure increase does not restore the conditions from a depth of approx. 2,300 m, because of the different temperature dependence of the CO 2 degassing pressure and the water vapour pressure.
In the VLE model, as soon as there is a gas phase in partial pressure equilibrium, all gases are partially degassed, even if to a very little extent. Therefore, a threshold has to be set to determine degassing points for the gases separately. The arbitrary gas fraction threshold of 10 -4 is exceeded by N 2 at -3,270 m, by CH 4 at -2,680 m, by H 2 O at -1,946 m and again at -627 m, and by CO 2 at -1,800/741 m.
Long-term temperature prognosis
Setting the simulation time to 30 years, the production rate constant to V : = 25/50/75/100 m 3 /h and the productivity index to PI = 15 m 3 h -1 /MPa (projected parameters) yields the T wh prognosis given in Fig. 8 . The T wh does not reach a stationary level because the formation continues to absorb heat, although at a decreasing rate.
The calculations show that with regard to thermal output with respect to a reference temperature P th = m : (h(T wh ) -h(T ref )), a higher production rate is desirable not only because of the larger mass flow, but also because of the higher achievable T wh . The reason is that a higher mass flow is cooled less by the upper formation, because it will flow faster and remain shorter in the well. But it also brings more heat to the formation, thus warming it up quicker and consequentially shortening the initial warm-up phase. This reduces the temperature range covered by the T wh in the operation time and shortens the heat consumer's operation time off its design temperature. T wh prognosis can be used to select the design temperature according to the (limited) production rate and the expected operation time and to estimate the duration of the warm-up phase.
Conclusion and outlook
Summary
A comprehensive approach to modelling a geothermal wellbore with potential two-phase flow has been presented and tested. It can be used to predict flow parameters that are essential in the design and dimensioning of the components of the brine circuit, such as the production pump, heat exchanger and the potentially connected power cycle. This model is applicable to geofluids with high gas contents and high salt contents, as it features a detailed twophase multi-gas multi-salt geofluid property model, capable of reproducing phase transition by degassing/dissolution and evaporation/condensation. Heat loss to formation is considered with attention to the thermal formation parameters and their dependence on depth and temperature.
The model can predict the temperature development for shorter (i.e. after start-up-few days) and longer periods (i.e. design operation time-e.g. 30 years) with different parameters and make statements about the heat available to the attached heat consumer. It can provide profiles of fluid properties such as temperature, pressure, density, gas fraction (degassing point) as well as heat flow to formation and formation temperature in various distances from the well.
Future work
Future work will involve further validation, evaluation, refinement and extension of the model.
After the thermal validation presented here, the next steps are the comparison of the hydraulic values and gas fraction with measured data. Chemical modelling software (e.g. PHREEQC, ProSim Simulis) is available that may be capable of reproducing the geofluid properties. It could be used to validate or even replace the geofluid model described here.
Distributed Temperature Sensing measurements, similar to ones described in (Reinsch et al. 2013) , were performed during the pump test described here. These temperature profiles will be compared to simulation results.
Accordance with measured values during sudden changes of production rate can be improved by including the thermal heat storage in the well completion and a nonsteady-state thermal flow model. Use of a refined pump model considering the pump characteristics and load dependent efficiency is envisaged. More detailed twophase flow modelling (slip, flow regimes) may be necessary when simulating higher void fractions. Sensitivity analyses will be conducted to identify possibilities of model simplification and optimization of operation.
Geofluid inflow to the well from the reservoir has been simplified to happen at one depth in the model of the GrSk site. Modelling more in detail the real confluence from several horizons with different temperatures and different productivities as well as their hydraulic interaction could help in understanding the origin of the produced geofluid. Adding pH calculation to the media model would permit prediction of precipitation and corrosion, being a key issue in geothermal plant operation.
Coupling of a brine circuit model including heat exchanger, injection pump and injection well with existing models of reservoir (Wong et al. 2013 ) and power plant is planned. By replacing the usually constant boundary conditions by variables exchanged between the sub-models, their interaction can be studied to predict the life cycle behaviour (Blöcher et al. 2010) .
